A simultaneous surface and borehole 3C-3D survey was acquired over the Blackfoot field in southern Alberta. Along with the land surface 3C-3D seismic program covering about 15 sq. km., 3-C VSP measurements were made over depths from 400 to 910m. In this paper, we outline the acquisition and processing considerations involved with the Blackfoot 3C-3D VSP experiment. Final P-wave and converted-wave images from the 3-D VSP tie reasonably well with those from the surface survey. A method was also developed for rapid VSPCDP mapping and results are shown for the VSP data.
Introduction
Single-source and walkaway VSP geometries have produced many useful results. However, the resultant 2-D images do not fully characterize most geologic targets. By using an areal distribution of shot points (Figure 1 ) or in the reverse VSP case, an areal distribution of receivers we can create a 3-D data volume. This 3-D image can then be interpreted and used similarly to conventional 3-D surface seismic images. Early 3-D VSP surveys include those conducted by AGIP/Schlumbereger in 1986 and the Brent field profile shot in 1993 (van der Pal et al., 1995) . Fairborn and Harding, Jr. (1996) show a case in Louisiana of using a downhole vibratory source and a surface spread of receivers to reconstruct a 3-D image of a sinkhole. Farmer et al. (1997) indicate that processing of a 3-D VSP survey over the Ekofisk reservoir resulted in a vastly improved image of the chalk reservoir. Clochard et al. (1997) show the feasibility of imaging complex structures using a 3-D VSP survey. This paper discusses the design, acquisition and analysis of a land 3-D VSP survey. The Blackfoot field, which is owned by PanCanadian Petroleum Ltd., is located about 15 kilometres southeast of Strathmore, Alberta. The Blackfoot 3C-3D VSP survey was acquired by simultaneous monitoring of shots used in a surface 3C-3D program. This enabled very cost-effective acquisition of the 3-D VSP survey. The downhole recording of the surface shots was acquired in well 12-16 (Figure 2) using a 5-level receiver tool. In all, 431 shots were recorded by the downhole tool. The shot coverage in the 3C-3D VSP is about 2.5 km east-west by 2.6 km north-south. Over the course of the survey, the receiver tool was moved seven times (75m each) to give a receiver depth range from 400m to 910m. The total P-wave reflection coverage is about 1 square km and is shown in Figure 2 . Fig.2 . Map of the Blackfoot surveys showing the shots points for the full surface 3C-3D survey, shot points for the 3C-3D VSP experiment, selected wells, a previous broad-band line, and a highresolution line with buried geophones (modified from Zhang et al., 1996) .
Processing the Blackfoot 3C-3D VSP
Two approaches were taken to create the final images for the 3-D VSP data ( Figure 3 ). The data were processed using a conventional processing flow for offset 3C-2D VSPs with binning into 3-D cells. Figure 4 shows a raw shot gather for the vertical and horizontal component channels from a shot at 115m offset from the well with receiver tool at 850m depth. Figure 5 shows the vertical and radial channels for the same shot after wavefield separation (velocity filter) and deconvolution. VSPCDP mapping was then performed on the data using two approaches: (1) a conventional 2-D raytracing method for mapping the reflection points (Wyatt and Wyatt, 1984) and (2) a method discussed in the following for rapid VSPCDP mapping. Following Taner and Koehler (1969) , it can be shown that the moveout of P-wave reflected arrivals in the VSP geometry is hyperbolic and is given by ) ( 1 for reflection at the nth interface with the borehole receiver located above the mth interface, where k d and k v represent the thickness and velocity of the k-th layer. Therefore, VSP data can be NMO corrected in receiver gathers using the approach shown in Figure 6 . The stacking velocities from the semblance analysis are then used to map the reflection points using an approximate mapping formula. The offset are the source-receiver offset, constant velocity of the homogeneous single-layered medium, normal incidence time of reflection and depth of the receiver respectively. We adapt the above equation to a multilayered medium by substituting the stacking velocity v in place of the constant velocity v to calculate the offset B x . Fig.6 . P-wave direct (a) and reflection arrivals (b) are corrected to zero-offset time in using amplitude semblance analysis based on hyperbolic equations. The results of (a) and (b) are then added to give the normal incidence times of the reflections (c).
The method was tested on synthetic traveltimes computed using raytracing for a model (Figure 7 ) of the Blackfoot area similar to that used in the raytracing VSPCDP mapping. The NMO correction was accurate within 2ms for all events for different receiver depths and the reflection maps for the synthetic traveltimes were comparable to the those obtained by raytracing through the model. P-wave reflections from the Blackfoot VSP experiment were then mapped using the above method and the final VSPCDP stacked traces compare reasonably well with the results using the conventional raytracing method (Figure 8 ). The adaptation of the above mapping method for convertedwaves is currently being investigated.
Analysis of the results
The VSP was processed into bins that were 75m by 25m in size. We can extract various lines from the 3-D VSP volume. A comparison is made in Figure 9 between coincident N-S lines from the surface seismic 3-D , the Pwave 3-D VSP and the converted-wave 3-D VSP. We can see a nice correlation among the three datasets. The glauconite sandstone reservoir is at about 1050 ms on the surface seismic section. The results are encouraging as the 3C-3D VSP may open a new realm of higher resolution imaging in depth with known phase. We can also begin to interpret the 3-D VSP with the standard tools of 3-D surface seismic analysis. Figure 10 shows a time slice of the VSP volume at the sand reservoir level. We interpret the channel fairway trending in the NNE direction on the right side of the figure. A time slice from the surface seismic ( Figure 11) shows some similar trends.
Conclusions
We have shown that 3-D VSPs can be cost-effective when acquired simultaneously alongwith a surface seismic program. We were able to obtain reasonably good images from the experimental setup of the Blackfoot 3C-3D VSP. Our experience from the Blackfoot experiment indicate that the 3C-3D VSP holds promise in generating 3-D volumes for both P-wave and converted-wave reflections. In the course of processing the data, a new technique was developed for the efficient VSPCDP mapping of 3C-3D VSP data. Fig.7 .Model used for generating synthetic traveltimes using raytracing (modified from Zhang et al., 1996) . . VSPCDP stacked traces (using raytracing) for the P-wave and converted-wave reflections from the VSP compared with part of the migrated P-wave surface section located near the borehole. The converted-wave image is plotted at 2/3 scale of the P-wave image plots. Fig.11 . Time slice from the migrated surface data in the same area as in Figure 10 at the sand reservoir level.
